ABSTRACT.--The seeds of bird-dispersed fruits could impose significant costs on frugivores if seed bulk reduces the effective capacity of the gut and, hence, reduces the rate of nutrient intake. This has led to the notion that avian frugivores pass food through their digestive tracts rapidly to minimize the effects of seeds on nutrient acquisition. Consequently, avian frugivores are thought to utilize fruit sugars inefficiently, because this permits higher intake and sugar-assimilation rates from a supposedly energy-dilute food. I evaluated the influence of seed bulk on intake and absorption of sugars from chokecherry fruits (Prunus virginiana) by Cedar Waxwings (Bombycilla cedrorum), American Robins (Turdus migratorius ), Wood Thrushes (Hylocichla mustelina), Gray-cheeked Thrushes (Catharus minimus), and Hermit Thrushes (Catharus guttatus). I compared Cedar Waxwings with thrushes to determine if they differed in how seed bulk affects digestion of fruit. Cedar Waxwings have higher mass-specific intake rates of sugary fruits than do thrushes; because waxwings defecate all seeds, whereas thrushes regurgitate many seeds, the difference in intake of sugary fruits between waxwings and thrushes may result from ingestion/fruit-processing limitations associated with mode of seed processing. For all species, seeds did not reduce rates of intake and sugar absorption from chokecherry fruit pulp. All birds assimilated sugars from chokecherry fruits efficiently, and digestive processing of seeds did not reduce sugar absorption. Rates of fruit processing were closely tied to rates of sugar absorption, rather than to the physical composition of the diet. My results suggest that current models of digestive function in avian frugivores are seriously flawed. Because differences in intake rates of sugary fruits between waxwings and thrushes were independent of the presence of seeds, these differences were not due to different modes of seed processing. 
the hypothesis that seeds limit ingestion and assimilation rates of sugars from fruit pulp by frugivorous birds.
Several studies have developed the idea that the indigestible seed bulk of fruits reduces rates of nutrient assimilation by birds. Levey and Grajal (1991) found that Cedar Waxwings (Bombycilla cedrorum) fed two kinds of artificial diets with different seed sizes but equal seed loads (seed volume per total fruit volume; seed load held constant by adjusting the numbers of seeds per fruit) passed large seeds faster than small seeds and consumed the large-seeded fruits at faster rates. This result led them to propose that Cedar Waxwings are process-rate limited when eating sugary fruits, i.e. that waxwings ingest fruits as fast as they can process them through the gut, and that seeds represent a significant cost because gut volume that could contain nutritious fruit pulp is occupied by indigestible seeds. In a parallel study, Murray et al. (1993) found that American Robins (Turdus migratorius) consumed large-seeded fruits faster than small-seeded fruits. They also invoked gut-processing limitations, attributing their result to the fact that robins regurgitated seeds of large-seeded fruits and defecated seeds of small-seeded fruits. The idea of limitation of gut-processing rate has fostered the contention that avian frugivores process foods rapidly through their guts and utilize fruit nutrients inefficiently. Presumably, rapid gut-processing rates are a result of selective pressures to reduce the retention time of indigestible seeds within the digestive tract because of high energy requirements and volumetric constraints on gut capacity of frugivorous birds. One hypothesized consequence of this scenario is the evolution of rapidly assimilated simple sugars as nutrient rewards in fruit pulp. Even so, avian frugivores are reputed to utilize fruit sugars inefficiently, presumably because this permits rapid fruit-processing rates that result in higher rates of sugar assimilation from supposedly energy-dilute fruits.
Differences in dietary specialization and modes of seed processing between waxwings and thrushes suggest that seed bulk has different consequences for digestive processing of fruit by these two groups of birds. In the wild, Cedar Waxwings select a diet dominated by sugary fruits, whereas thrushes consume both sugary and fatty fruits (Witmer 1996) . Associated with this nutrient-based pattern of diet selection, waxwings have higher (ca. 1.5 times) mass-specific intake rates of sugary fruits than do thrushes, and waxwings always pass seeds through the digestive tract, eliminating them by defecation. In contrast, thrushes regurgitate most medium to large seeds (>90% for chokecherry fruits), a trait that may be associated with efficient digestive processing of fatty diets (Witmer 1994) . The hypothesis that passage of seeds through the digestive tract reduces rates of nutrient intake and absorption Grajal 1991, Murray et al. 1993 ) leads to the prediction that seeds should reduce sugar-assimilation rates to a greater degree in Cedar Waxwings than in thrushes. Alternatively, unidirectional passage of seeds within fruits containing readily assimilated simple sugars may enable birds to achieve higher rates of fruit intake and processing than when seeds are regurgitated; i.e. flow of food through the digestive tract can proceed uninterrupted by the re- For all species, daily mass-specific intake rates of wet matter (fruit pulp and seeds combined) were higher for whole fruits than for pitted fruits (F = 22.86, df = 1 and 11, P < 0.001), but intake rates of fruit pulp from these two diets were not statistically different (F = 0.16, df = 1 and 11, P = 0.69; Fig. 1 ). Pulp intake rates among thrush species were the same, whereas the intake rate by Cedar Waxwings was higher than that of each thrush species (F = 10.89, df Daily rates of sugar assimilation, the product of intake rate and digestive efficiency, were not significantly different for pitted and whole fruits (F = 0.12, df = 1 and 11, P = 0.73; (Figs. 1 and 5) . Similarly, Cedar Waxwings ingest and assimilate sugary, low-protein artificial diets at higher rates than thrushes (ca. 1.5 times; Witmer unpubl. data). These rates of sugar assimilation approximate maintenanceenergy intake by these species under the same conditions of captivity, suggesting that frugivores are not energy-limited when eating sugary fruits (Witmer 1994 ). Cedar Waxwings appear to have higher rates of energy metabolism when eating sugary, low-protein diets than do more omnivorous frugivores. The relatively wide intestinal morphology of waxwings is implicated as a trait that enables this species to achieve high intake rates of bulky, sugary fruits (Witmer 1994 framework of the ability of frugivorous and non-frugivorous birds to compensate for indigestible bulk in natural and artificial fruit diets will be necessary to resolve the extent to which modes of seed processing by frugivorous birds represent mutualistic adaptations to fruit diets.
